Background
==========

Endothelial cells (ECs) are an elementary part of the heart and vasculature and are also the major contributor to the maintenance of vascular homeostasis \[[@b1-medscimonit-26-e921877]\]. Dysfunction of ECs is a key responsibility for the formation of atherosclerotic (AS) which is the foundation for multiple-site vascular disease \[[@b2-medscimonit-26-e921877],[@b3-medscimonit-26-e921877]\]. ECs dysfunction is a complicated and multistage process which includes the injury of ECs represented by abnormal proliferation, apoptosis, autophagy as well as inflammation which has vital implications in the pathogenesis of AS \[[@b4-medscimonit-26-e921877]--[@b6-medscimonit-26-e921877]\]. Therefore, it is important for us to understand how EC injury is modulated at the molecular level for AS.

MicroRNAs (miRNAs) are endogenous, non-coding RNA molecules, which inversely regulate the expression of target genes at the post-transcriptional level primarily by binding to the 3′untranslated region (UTR) of mRNAs sequences, thereby controlling transcript stability and/or translation \[[@b7-medscimonit-26-e921877]\]. MiRNAs have been identified to involve in various biological and pathological processes including proliferation, differentiation, metastasis, apoptosis, and tumorigenesis, and are potential targets for cancers treatment \[[@b8-medscimonit-26-e921877],[@b9-medscimonit-26-e921877]\]. MiRNA expression profiles have been shown to differ in many cellular processes related to AS *in vivo* and *in vitro* \[[@b10-medscimonit-26-e921877]\]. MiRNAs are related to AS lesion formation and regression, highlighting the potential diagnostic, prognostic and therapeutic roles of miRNAs in AS \[[@b11-medscimonit-26-e921877]\]. MiR-328-3p, a member of miRNAs, has been revealed to mediate anti-tumor effects in several cancers through regulating the target genes or downstream pathway \[[@b12-medscimonit-26-e921877]--[@b14-medscimonit-26-e921877]\], Recently, overexpressed miR-328-3p was found to aggravate oxidative stress damage in tricuspid aortic valve ECs, whereas miR-328-3p deletion alleviate oxidative stress damage in bicuspid aortic valve ECs \[[@b15-medscimonit-26-e921877]\]. Xing et al. demonstrated that miR-328-3p was a target of long noncoding RNA (lncRNA)-MEG3, and upregulation of miR-328-3p decreased the expression of insulin-like growth factor 1 receptor (IGF1R) to attenuate proliferation and cell-cycle progression in pulmonary artery smooth muscle cells (PASMCs) \[[@b16-medscimonit-26-e921877]\]. All these studies reveal the potential association of miR-328-3p with vascular diseases. In recent, Wu et al. discovered that miR-328 could ameliorate oxidized low-density lipoprotein (ox-LDL)-induced ECs inflammation, apoptosis as well as oxidative stress response via targeted interaction with HMGB1 in AS \[[@b17-medscimonit-26-e921877]\]. In our study, the functions and potential molecular mechanisms of miR-328-3p in the pathogenesis of AS were investigated.

FOXO4 belongs to the forkhead box O (FOXO) transcription factors family which play a significant role in regulating numerous cellular processes such as cytokine production, immune cell homeostasis, oxidative stress response, metabolism, immunity, cell cycle, and apoptosis involved in the development of AS \[[@b18-medscimonit-26-e921877]\]. Vascular smooth muscle cells (VSMCs) are a major component of arterial walls and its dysfunction is also associate with the AS occurrence \[[@b19-medscimonit-26-e921877]\]. Previous studies have indicated that FOXO4 could activate transcription of the matrix metalloproteinase 9 (MMP9) gene in response to tumor necrosis factor alpha (TNF-α) signaling to promote VSMCs migration \[[@b20-medscimonit-26-e921877]\]. It can also inhibited SMC differentiation by interacting with the transcription factor myocardin \[[@b21-medscimonit-26-e921877]\], which is involved in the pathogenesis of AS. Additionally, Zhang et al. displayed that overexpressed FOXO4 could reverse adiponectin mediated antiatherogenic effect on human aortic ECs via activating NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome \[[@b22-medscimonit-26-e921877]\]. Thus, these research findings suggest an important role for FOXO4 in the occurrence and development of AS.

Ox-LDL is a widely acknowledged factor in the formation of AS \[[@b23-medscimonit-26-e921877]\]. Therefore, our study concentrated on the effects of ox-LDL treatment on miR-328-3p expression and explored the biological function and underlying mechanisms of miR-328-3p in ox-LDL-induced ECs injury in AS.

Material and Methods
====================

Cell culture and treatment of ox-LDL
------------------------------------

Human umbilical vein endothelial cells (HUVECs) were purchased from American Tissue Culture Collection (Manassas, VA, USA) and grown in endothelial cell basal medium (EBM-2; Lonza, Walkersville, MD, USA) containing EGM-2MV at 37°C with 5% CO~2~.

For the establishment of ox-LDL induced AS model *in vitro*, HUVECs were incubated with 25, 50, 100, or 150 μg/mL of ox-LDL for different time durations (0, 12, 24, or 48 hours) in accordance with the study design. Subsequently, cells were collected for further experiments.

Cell transfection
-----------------

MiR-328-3p mimic (miR-328-3p), miR-328-3p inhibitor (anti-miR-328-3p), the corresponding negative control (miR-NC, anti-miR-NC), pcDNA3.1-FOXO4 overexpression vector (FOXO4), pcDNA3.1 empty vector (vector), small interfering RNA (siRNA) against FOXO4 (si-FOXO4) or siRNA negative control (scramble) were synthesized by Genepharma (Shanghai, China). The transfection of all oligonucleotides or vectors was conducted by using Lipofectamine 2000 reagent (Invitrogen, ThermoFisher Scientific, Inc., Waltham, MA, USA) in accordance with the standard protocol. Finally, transfected cells were collected for subsequent analysis.

RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR)
-----------------------------------------------------------------------------

Total RNAs from HUVECs were prepared with TRIzol reagent (Invitrogen). Then complementary DNA was synthesized by using Taqman miRNA Reverse Transcription Kit (Qiagen, Valencia, CA, USA). After that, qPCR analysis was conducted with the SYBR Green PCR Master Mix (Qiagen). The expression of the miRNA and mRNA was normalized using U6 small nuclear B noncoding RNA (U6) or glyceraldehyde 3-phosphate dehydrogenase (GADPH) and calculated by 2^−ΔΔCt^ method. The sequence of primers used in this experiment was exhibited as followed:

1.  miR-328-3p forward: 5′-CGGGCCTGGCCCTCTCTGCC-3′ and

    reverse: 5′-CAGCCACAAAAGAGCACAAT-3′;

2.  U6 forward, 5′-CTCGCTTCGGCAGCACA-3′ and

    reverse: 5′-CGCTTCACGAATTTGCGT-3′;

3.  FOXO4 forward: 5′-AGCGACTGACACTTGCCCAGAT-3′ and

    reverse: 5′-AGGGTTCAGCATCCACCAAGAG-3′;

4.  GADPH forward: 5′-AAGAAGG- TGGTGAAGCAGGC-3′ and

    reverse: 5′-GTCAAAGGTGGAGGAGTGGG-3′.

Cells viability assay
---------------------

HUVECs were seed into 96-well plates (5×10^3^ cell/well) for 24 hours. Subsequently, Cell Counting Kit-8 (CCK-8) reagents (10 μL/well) (Beyotime, Shanghai, China) were added into each well for about 4 hours. Finally, the absorbance was determined by a microplate reader at 450 nm in the indicated time.

Cell apoptosis assay
--------------------

Transfected HUVECs were resuspended with binding buffer, followed by staining with 10 μL Annexin V-FITC and PI (BD Biosciences, San Jose, CA, USA). Finally, the apoptotic HUVECs were analyzed by FlowJo software.

Western blot analysis
---------------------

Protein was extracted with the RNA immunoprecipitation (RIP) assay lysate (Beyotime), and then qualified by the Bicinchoninic Acid Method. Subsequently, immunoblot assays were performed using primary antibodies against FOXO4, C-caspase 3, Beclin-1, LC3-I, LC3-II, interleukin (IL)-1β, IL-10, TNF-α, and GAPDH overnight at 4°C and followed incubated with HRP-conjugated secondary antibody at 37°C. Finally, immunoreactive signals were visualized by ECL chromogenic substrate (Beyotime).

Transwell assay
---------------

For migration assay, after transfection or treatment, HUVECs were seeded in the Transwell upper chamber with serum-free endothelial cell basal medium, then the lower chamber was added with the 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA)-containing medium. After 24 hours, migrated cells were fixed with 4% formaldehyde and stained with 0.1% crystal violet. Then 6 randomly selected visual fields were counted. For invasion assay, the upper Transwell chambers were pre-coated with the Matrigel (BD Biosciences), and other measurement was similar to the aforementioned steps of cell migration.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

IL-1β, IL-10, and TNF-α concentrations from the supernatants of HUVECs after appropriate treatment were examined by using commercial IL-1β, IL-10, and TNF-α ELISA kits (R&D Systems, Minneapolis, MN, USA) following the instructions of manufacturer. Finally, the absorbance was detected at 450 nm.

Dual-Luciferase reporter assay
------------------------------

The FOXO4 3′-UTR with wild-type or mutant miR-328-3p binding sites were cloned into the pmirGLO vectors (Promega, Shanghai, China). Then, the constructed vectors combined with miR-328-3p mimics, anti-miR-328-3p, or the corresponding negative controls were co-transfected into HUVECs. After 48 hours, a dual-luciferase reporter assay system (Promega) was employed to detect the relative luciferase activity.

RNA immunoprecipitation (RIP) assay
-----------------------------------

Magna RNA immunoprecipitation kit (Millipore, Billerica, MA, USA) was applied to investigate the interaction between miR-328-3p and FOXO4 in accordance with the protocols of the manufacturer. HUVECs transfected with miR-NC or miR-328-3p were lysed using RIP assay buffer (Millipore), then cell extracts were coimmunoprecipitated with anti-Ago2, and normal rabbit IgG was used as a negative control. Finally, the enrichment of FOXO4 was extracted and analyzed.

Statistical analysis
--------------------

All data from at least 3 independently experiments were analyzed with GraphPad (GraphPad Inc., San Diego, CA, USA) and showed as mean±standard deviation (SD). Statistical differenced were analyzed using Student's *t*-test and one-way analysis of variance analysis in different groups. *P* value less than 0.05 exhibited statistically significance.

Results
=======

MiR-328-3p was decreased but FOXO4 was increased in ox-LDL induced HUVECs
-------------------------------------------------------------------------

HUVECs were incubated with 25, 50, 100, or 150 μg/mL of ox-LDL for different time durations (0, 12, 24, or 48 hours), then miR-328-3p and FOXO4 expression were detected and the results showed that miR-328-3p expression was downregulated ([Figure 1A, 1B](#f1-medscimonit-26-e921877){ref-type="fig"}) while FOXO4 was upregulated ([Figure 1C, 1D](#f1-medscimonit-26-e921877){ref-type="fig"}) in ox-LDL induced HUVECs in a dose- and time- dependent manner. These results indicated that miR-328-3p decrease or FOXO4 increase might be associated with ox-LDL-induced HUVECs dysfunction.

Ox-LDL treatment induced HUVECs injury
--------------------------------------

When HUVECs were subjected to 100 μg/mL ox-LDL for 24 hours, the level of miR-328-3p or FOXO4 was changed by approximately 50%. Thus, we treated HUVECs with or without 100 μg/mL ox-LDL for 24 hours to analyze the effects of ox-LDL on HUVECs. Subsequently, we found ox-LDL treatment inhibited proliferation ([Figure 2A](#f2-medscimonit-26-e921877){ref-type="fig"}), migration and invasion ([Figure 2D, 2E](#f2-medscimonit-26-e921877){ref-type="fig"}), but induced apoptosis displayed by the increased apoptosis rate ([Figure 2B](#f2-medscimonit-26-e921877){ref-type="fig"}) and C-caspase 3 level ([Figure 2C](#f2-medscimonit-26-e921877){ref-type="fig"}) in HUVECs. Furthermore, the autophagy-related proteins Beclin, LC3-I, and LC3-II were detected and results exhibited ox-LDL treatment promoted the levels of Beclin and the ratio of LC3-II/I ([Figure 2F](#f2-medscimonit-26-e921877){ref-type="fig"}), suggesting ox-LDL induced autophagy in HUVECs. Additionally, inflammatory factors TNF-α, IL-1β, and IL-10 were also measured by ELISA, results exhibited ox-LDL treatment enhanced TNF-α and IL-1β expression but reduced IL-10 expression in HUVECs ([Figure 2G](#f2-medscimonit-26-e921877){ref-type="fig"}), which was consistent with the results of western blot analysis of TNF-α, IL-1β, and IL-10 expression ([Figure 2H](#f2-medscimonit-26-e921877){ref-type="fig"}), indicating ox-LDL induced HUVECs inflammation. These results illustrated that ox-LDL exposure induced HUVECs injury.

MiR-328-3p alleviated ox-LDL induced HUVECs injury
--------------------------------------------------

To investigate the role of miR-328-3p in ox-LDL-induced HUVECs injury, HUVECs were transfected with miR-328-3p or miR-NC prior to ox-LDL treatment. Then the level of miR-328-3p was detected and miR-328-3p was significantly elevated by miR-328-3p mimics in ox-LDL HUVECs ([Figure 3A](#f3-medscimonit-26-e921877){ref-type="fig"}). Immediately, we discovered that overexpressed miR-328-3p obviously abated ox-LDL induced inhibition on cell viability ([Figure 3B](#f3-medscimonit-26-e921877){ref-type="fig"}), migration and invasion ([Figure 3E, 3F](#f3-medscimonit-26-e921877){ref-type="fig"}), stimulation on apoptosis ([Figure 3C, 3D](#f3-medscimonit-26-e921877){ref-type="fig"}), autophagy ([Figure 3G](#f3-medscimonit-26-e921877){ref-type="fig"}), as well as inflammation ([Figure 3H--3J](#f3-medscimonit-26-e921877){ref-type="fig"}) in HUVECs. Thus, we confirmed that miR-328-3p could alleviate ox-LDL induced HUVECs injury.

FOXO4 contributed to ox-LDL induced HUVECs injury
-------------------------------------------------

To explore whether FOXO4 involved in ox-LDL-induced HUVECs injury, HUVECs were transfected with si-FOXO4 or scramble prior to ox-LDL treatment and a strong decrease of FOXO4 expression in HUVECs transfected with si-FOXO4 was found ([Figure 4A](#f4-medscimonit-26-e921877){ref-type="fig"}). After that, functional experiments were performed and we demonstrated that FOXO4 deletion promoted cells viability ([Figure 4B](#f4-medscimonit-26-e921877){ref-type="fig"}), migration and invasion ([Figure 4E, 4F](#f4-medscimonit-26-e921877){ref-type="fig"}), inhibited apoptosis via repressing C-caspase 3 expression ([Figure 4C, 4D](#f4-medscimonit-26-e921877){ref-type="fig"}), suppressed autophagy reflected by the reduction of Beclin expression and the ratio of LC3-II/I ([Figure 4G](#f4-medscimonit-26-e921877){ref-type="fig"}), as well as repressed inflammation by reducing the level of TNF-α and IL-1β ([Figure 4H--4J](#f4-medscimonit-26-e921877){ref-type="fig"}) in ox-LDL HUVECs. All these results exhibited that FOXO4 could aggravate ox-LDL induced HUVECs injury.

FOXO4 was a target of miR-328-3p in HUVECs
------------------------------------------

To explore the mechanism underlying miR-328-3p-mediated protection on ox-LDL induced HUVECs injury. The potential targets of miR-328-3p in HUVECs were searched through Targetscan program. We discovered that FOXO4 might be a target of miR-328-3p with putative binding sites ([Figure 5A](#f5-medscimonit-26-e921877){ref-type="fig"}). Afterwards, dual-luciferase reporter assay showed that miR-328-3p overexpression declined the luciferase activities of the FOXO4-wt reporter vector but not FOXO4-mut reporter vector in HUVECs ([Figure 5B](#f5-medscimonit-26-e921877){ref-type="fig"}). Moreover, the luciferase activities of FOXO4-wt reporter were notably enhanced, but there was no obvious change in FOXO4-mut reporter after miR-328-3p downregulation in HUVECs ([Figure 5C](#f5-medscimonit-26-e921877){ref-type="fig"}). In addition, the RIP assays further identified the direct interaction between miR-328-3p and FOXO4 because of the significantly enrichment of FOXO4 in HUVECs ([Figure 5D](#f5-medscimonit-26-e921877){ref-type="fig"}). We also found FOXO4 expression was repressed by miR-328-3p overexpression but promoted by miR-328-3p inhibition ([Figure 5F](#f5-medscimonit-26-e921877){ref-type="fig"}). Therefore, we confirmed that miR-328-3p directly interacted with FOXO4 and negatively regulated FOXO4 expression in HUVECs.

MiR-328-3p protected HUVECs against ox-LDL induced injury via regulating FOXO4
------------------------------------------------------------------------------

To verify whether FOXO4 implicated in the protection mediated by miR-328-3p on ox-LDL induced HUVECs, HUVECs were transfected with miR-NC, miR-328-3p, miR-328-3p+vector, and miR-328-3p+FOXO4 prior to treatment with ox-LDL. and We found the expression of FOXO4 was inhibited by miR-328-3p mimic transfection, while was restored by FOXO4 pcDNA transfection in HUVECs after transfection ([Figure 6A](#f6-medscimonit-26-e921877){ref-type="fig"}). The rescue assay suggested that overexpressed FOXO4 could reverse miR-328-3p mediated enhancement on cell viability ([Figure 6B](#f6-medscimonit-26-e921877){ref-type="fig"}), migration and invasion ([Figure 6E, 6F](#f6-medscimonit-26-e921877){ref-type="fig"}), inhibition on apoptosis ([Figure 6C, 6D](#f6-medscimonit-26-e921877){ref-type="fig"}), autophagy ([Figure 6G](#f6-medscimonit-26-e921877){ref-type="fig"}) as well as inflammation ([Figure 6H--6J](#f6-medscimonit-26-e921877){ref-type="fig"}) in ox-LDL induced HUVECs. These data suggested that miR-328-3p could alleviate ox-LDL induced HUVECs injury via regulating FOXO4.

Discussion
==========

Our results demonstrated that miR-328-3p was downregulated while FOXO4 was upregulated in ox-LDL induced HUVECs in a dose- and time-dependent manner, miR-328-3p restoration or FOXO4 depletion reversed ox-LDL-induced inhibition of HUVEC viability, migration, and invasion, as well as stimulation of HUVEC apoptosis, inflammation, and autophagy. Furthermore, our findings have also verified that miR-328-3p targeted the repression of FOXO4, thereby positively impeding the progression of AS.

AS is a chronic inflammatory disease of the arterial wall, initiated by endothelial injury and subendothelial disorder of lipid metabolism, which results in multiple-site vascular disease in the form of cerebrovascular disease, coronary artery, and peripheral arterial \[[@b4-medscimonit-26-e921877],[@b10-medscimonit-26-e921877]\]. The pathogenesis of AS lesion formation is a complex, multistage process, and the initiating phase of AS plaques occurrences as a result of endothelium injury \[[@b24-medscimonit-26-e921877]\]. ECs are the first-line defense against AS. Thus, it is urgently necessary for us to better understand the underlying molecular mechanism in EC injury. At present, investigations are still limited to direct evaluation of EC function, therefore, indirect assessment of mediators arising from EC injury is a main diagnosis of endothelial dysfunction \[[@b25-medscimonit-26-e921877]\]. In recent years, accumulating evidences have revealed the involvement of miRNAs in the balance of AS plaque progression and regression \[[@b26-medscimonit-26-e921877]\]. For example, miR-126 are highly enriched in the ECs, and modulate endothelial phenotypes, particularly the response to migration stimulated by fibroblast growth factor 2 as well as vascular endothelial growth factor \[[@b27-medscimonit-26-e921877]\]. MiR-221/222 cluster is primarily involved in maintaining endothelial integrity and supporting quiescent EC phenotype and appeared to be proatherogenic through inhibiting ECs pro-angiogenic activation, proliferation, and migration \[[@b28-medscimonit-26-e921877]\]. MiR-214-3p regulated ox-LDL-induced autophagy via targeted interactions with autophagy-related protein 5 in ECs of AS \[[@b29-medscimonit-26-e921877]\]. All the studies suggested the important roles of miRNAs on ECs injury in AS. In our research, we demonstrated that miR-328-3p protected ECs against ox-LDL-induced dysfunction.

The FOXO family serves an essential role in the maintenance of vascular stability and the suppression of aberrant vascular outgrowth; the FOXO family, including FOXO4, can regulate EC homeostasis \[[@b30-medscimonit-26-e921877]\]. FOXO4 has been reported to regulate AS by affecting SMCs, bone marrow derived cells, or the expression of NF-κB-activated inflammatory cytokines \[[@b31-medscimonit-26-e921877],[@b32-medscimonit-26-e921877]\]. In this study, we confirmed that FOXO4 regulated the dysfunction of ECs to promote the progression of AS. Moreover, miR-328-3p targeted FOXO4 and exerted protective function in ECs by downregulating FOXO4 expression. In addition, Shang et al. verified that FOXO4 also served as a target of miR-148a-3p to regulate proliferative and migratory function of ECs in AS \[[@b33-medscimonit-26-e921877]\]. Thus, there seems to be a competition or modulating relationship between other miRNAs and miR-328-3p. However, this needs to be verified in future research.

Conclusions
===========

In conclusion, our findings proved that miR-328-3p interacted with FOXO4 to protect ECs against ox-LDL induced impairment in AS, which provided a novel insight and therapeutic strategy for AS. Additionally, the "competing endogenous RNA (ceRNA) hypothesis" has been identified, stating that many lncRNAs functions as ceRNAs by sequestrating target miRNAs; abundant lncRNAs containing similar miRNA target sequences can indirectly modulate miRNAs-target genes through absorbing cytoplasmic miRNAs \[[@b16-medscimonit-26-e921877]\]. LncRNAs have been suggested to be involve in the pathogenesis of AS \[[@b34-medscimonit-26-e921877]\]; the lncRNA-miR-328-3p-FOXO4 needs further study.
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![MiR-328-3p is decreased but FOXO4 is increased in ox-LDL induced HUVECs. HUVECs were incubated with 25, 50, 100, or 150 μg/mL of ox-LDL for different time durations. (**A, B**) qRT-PCR analysis of miR-328-3p expression in ox-LDL induced HUVECs. (**C, D**) Western blot analysis of FOXO4 expression in ox-LDL induced HUVECs. \* *P*\<0.05. FOXO4 -- forkhead box protein; ox-LDL -- oxidized low-density lipoprotein; HUVECs -- human umbilical vein endothelial cells; qRT-PCR -- quantitative real-time polymerase chain reaction.](medscimonit-26-e921877-g001){#f1-medscimonit-26-e921877}

![Ox-LDL treatment induces HUVECs injury. HUVECs were subjected to 100 μg/mL ox-LDL for 24 hours. (**A**) Cell viability was detected by CCK-8 assay. (**B**) The apoptotic rate was examined by flow cytometry. (**C**) Western blot analysis of C-caspase 3 expression. (**D, E**) The migration and invasion abilities were analyzed using Transwell assay. (**F**) The expression of Beclin, LC3-I and LC3-II was detected using western blot in ox-LDL HUVECs. (**G**) The levels of TNF-α, IL-1β, and IL-10 were determined by ELISA assay. (**H**) Western blot analysis of the levels of TNF-α, IL-1β, and IL-10 was performed. \* *P*\<0.05. ox-LDL -- oxidized low-density lipoprotein; HUVECs -- human umbilical vein endothelial cells; CCK-8 -- Cell Counting Kit-8; TNF -- tumor necrosis factor; IL -- interleukin; ELISA -- enzyme-linked immunosorbent assay.](medscimonit-26-e921877-g002){#f2-medscimonit-26-e921877}

![MiR-328-3p alleviates ox-LDL induced HUVECs injury. HUVECs were transfected with miR-328-3p or miR-NC prior to ox-LDL treatment. (**A**) qRT-PCR analysis of miR-328-3p expression. HUVECs were treated with 100 μg/mL ox-LDL for 24 hours. (**B**) Cell viability was detected using CCK-8 assay. (**C**) Flow cytometry was used to test cell apoptotic rate. (**D**) The expression of C-caspase 3 was examined by western blot. (**E, F**) The migration and invasion abilities were analyzed using Transwell assay. (**G**) The expression of Beclin, LC3-I, and LC3-II was measured using western blot. (**H--J**) The levels of TNF-α, IL-1β, and IL-10 were examined by ELISA assay. \* *P*\<0.05. HUVECs -- human umbilical vein endothelial cells; ox-LDL -- oxidized low-density lipoprotein; qRT-PCR -- quantitative real-time polymerase chain reaction; CCK-8 -- Cell Counting Kit-8; TNF -- tumor necrosis factor; IL -- interleukin; ELISA -- enzyme-linked immunosorbent assay.](medscimonit-26-e921877-g003){#f3-medscimonit-26-e921877}

![FOXO4 contributes to ox-LDL induced HUVECs injury. HUVECs were transfected with scramble or si-FOXO4 prior to ox-LDL treatment. (**A**) The expression of FOXO4 was examined using western blot in ox-LDL HUVECs. HUVECs were subjected to 100 μg/mL ox-LDL for 24 hours. (**B**) CCK-8 assay was applied to determine cell viability. (**C**) Flow cytometry was utilized to analyze the cell apoptosis. (**D**) The expression of C-caspase 3 was measured by western blot. (**E, F**) Transwell assay was performed to detect cell migration and invasion. (**G**) The expression of Beclin, LC3-I, and LC3-II was tested using western blot. (**H--J**) The levels of TNF-α, IL-1β, and IL-10 were examined by ELISA assay. \* *P*\<0.05. FOXO4 -- forkhead box protein; ox-LDL -- ox-LDL, oxidized low-density lipoprotein; HUVECs -- human umbilical vein endothelial cells; CCK-8 -- Cell Counting Kit-8; TNF -- tumor necrosis factor; IL -- interleukin; ELISA -- enzyme-linked immunosorbent assay.](medscimonit-26-e921877-g004){#f4-medscimonit-26-e921877}

![FOXO4 is a target of miR-328-3p in HUVECs. (**A**) The putative binding sites between miR-328-3p and FOXO4 were predicted. (**B, C**) Dual-luciferase reporter assay in HUVECs after the co-transfection with FOXO4-wt or FOXO4-mut and miR-195-5p mimic or miR-NC or anti-miR-NC or anti-miR-328-3p was conducted. (**D**) RIP assays were carried out to confirm the interaction of miR-328-3p and FOXO4 to Ago2 in HUVECs. (**E**) FOXO4 expression was detected using western blot in HUVECs transfected with miR-328-3p or anti-miR-328-3p or the corresponding negative controls. \* *P*\<0.05. FOXO4 -- forkhead box protein; HUVECs -- human umbilical vein endothelial cells; RIP -- RNA immunoprecipitation.](medscimonit-26-e921877-g005){#f5-medscimonit-26-e921877}

![MiR-328-3p protects HUVECs against ox-LDL induced injury via regulating FOXO4. HUVECs were transfected with miR-NC, miR-328-3p, miR-328-3p+vector, miR-328-3p+FOXO4 prior to treatment ox-LDL. (**A**) The expression of FOXO4 was detected using western blot in ox-LDL HUVECs. HUVECs were treated with 100 μg/mL ox-LDL for 24 hours. (**B**) CCK-8 assay was used to determine cell viability. (**C**) Flow cytometry was utilized to determine cell apoptosis. (**D**) Western blot analysis was conducted to measure C-caspase 3 expression. (**E, F**) Transwell assay was performed to test cell migration and invasion. (**G**) The expression of Beclin, LC3-I and LC3-II was tested using western blot. (**H--J**) ELISA assay was performed to examine the levels of TNF-α, IL-1β, and IL-10. \* *P*\<0.05. FOXO4 -- forkhead box protein; ox-LDL -- oxidized low-density lipoprotein; HUVECs -- human umbilical vein endothelial cells; CCK-8 -- Cell Counting Kit-8; ELISA -- enzyme-linked immunosorbent assay; TNF -- tumor necrosis factor; IL -- interleukin.](medscimonit-26-e921877-g006){#f6-medscimonit-26-e921877}
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